Effects of the crystalline and amorphous structure of alumina shells on the dynamics of oxidation of an aluminum nanoparticle ͑ANP͒ are studied using multimillion-atom molecular dynamics simulations. With an amorphous shell, formation of oxidized nanocluster fragments produced by the shattering of the shell, combined with the fragmentation and dispersion of the nanoparticle, catalyzes faster oxidation reactions. Consequently, the energy release rate of an ANP with an amorphous shell is much higher than that with a crystalline shell. Analysis on the formation of oxygen-rich fragments further confirms an enhanced reaction rate with an amorphous shell. © 2010 American Institute of Physics. ͓doi:10.1063/1.3425888͔
Metastable intermolecular composites ͑MICs͒ are a subclass of thermites that consist of a mixture of fuel and oxidizer particles on the nanometer scale. Nanoenergetic materials have attracted significant interest due to the higher reactivity and much faster combustion velocities than in micron-scale counterparts. [1] [2] [3] [4] Researchers have proposed oxidation mechanisms of the aluminum nanoparticle fuel in MICs but to date no conclusive consensuses has been reached. The molecular dynamics ͑MD͒ method is a useful tool in providing atomistic details of the dynamics at the spatiotemporal scales of the reaction process of a single coreshell nanoparticle, which are seldom accessible even by the state-of-the-art experiments. In our earlier studies, 5 MD simulation was used to study the effect of the initial metalliccore temperature on the oxidation of a single aluminum nanoparticle ͑ANP͒. We found the formation of pores in the oxide shell as a principal mechanism enhancing the level of oxidative reactions in an ANP. In those studies, for simplicity, the oxide shell was taken to be crystalline. However, experimental observations by Ramaswamy et al. 6, 7 and Gertsman and Kwok 8 have both suggested that the structure of the alumina shell of ANP is predominantly amorphous with partial crystalline regions. In experiments on the oxidation of ANP, the crystallization of the amorphous shell has also been observed. 9, 10 Therefore, the effects of oxide-shell structures must be investigated in order to fully understand the oxidation of ANP.
To study the effect of the shell structure, we have performed multimillion-atom MD simulations of the oxidation process of an ANP covered with either a crystalline or an amorphous alumina shell, which will be referred as CS and AS systems, respectively. The reaction takes place in an oxygen environment, and for each system the Al core of the ANP is heated to a high temperature as in the experiments by Dlott's group. 11 The MD results demonstrate the formation of nanoclusters due to the shattering of the oxide shell as a mechanism for the extremely high reactivity of ANP when the oxide shell structure changes from crystalline to amorphous alumina.
The simulations reported here consist of a single ANP with an Al core of 40 nm diameter covered with either crystalline or amorphous alumina. The ANP is embedded in oxygen environment at 300 K. In both cases, there are 1 928 931 core Al atoms and 6 210 716 environmental O atoms. The crystalline shell consists of 1 152 528 Al and 1 727 292 O atoms. The total system consists of more than 11ϫ 10 6 atoms. The amorphous shell is prepared by first amorphizing the 4 nm thick crystalline shell and then removing the undercoordinated outermost part of the shell to give an oxide layer that is 3 nm thick. The system is then thermalized for 15 ps. The size of the MD box is taken to be sufficiently large so as to avoid boundary effects. The interatomic potentials used for Al 2 O 3 , 12 for metallic Al, 13 and for the oxidation process of the Al atoms are identical to that used in our previous simulations. 5 We mimic the laser flash heating experiments on ANP ͑Ref. 14͒ by heating the Al core to 9000 K while fixing the shell at room temperature. Langevin dynamics is run for an additional picosecond to heat the core uniformly. After this step, the constraints on the shell atoms are removed and the system undergoes oxidation reactions for 200 ps in a microcanonical ensemble.
To determine the effect of the shell structure on the reactivity of the ANP, we measure the energy release for both systems by plotting the increase in kinetic energy per atom averaged over all atoms as a function of time in is seen that a significant amount of extra heat is produced with the amorphous shell as compared to the crystalline shell, indicating a greatly enhanced reaction rate of the ANP due to the change in the shell structure. The temperature profile of the hottest parts of the ANP at 200 ps are shown in Fig. 1͑b͒ by plotting the temperature averaged over all atoms within a 2 Å thick spherical shell at distance r from the center of the particle ͑as a function of the radial distance r͒. It shows the formation of a larger hot spot in the amorphousshell system as a result of greater amount of heat released. The center of the AS system is close to 10 000 K as shown in Fig. 1͑b͒ . However, the center of the CS system is around 6000 K.
In order to understand the significant difference in reaction rate and temperature profile due to the different shell structures in Fig. 1 , we next examine the expansion behavior of the two systems in Fig. 2 . Figure 2͑a͒ shows the outer radius of the ANP, in which the AS system exhibits continuous expansion. In contrast, the CS system shows expansion followed by contraction. The radius is calculated as the average distance of all atoms contained within the large oxide fragments ͑those having over a thousand atoms͒ to the center of the system. Figures 2͑c͒ and 2͑d͒ show snapshots of the center slice of the CS and AS systems at 70 ps and 200 ps, respectively. In the three-dimensional view, the segments of the shell in the CS system in Fig. 2͑c͒ are indeed interconnected and are part of the largest oxide fragment in the system ͑i.e., the shell with pores͒.
However, in the AS system, the fragments shown in Fig.  2͑d͒ are disconnected, indicating shattered pieces of the shell. This shattering of the amorphous shell can also be seen quantitatively by comparing the percentage of atoms in the largest oxide fragment at a given time to that at the beginning of the simulation, see Fig. 2͑b͒ . At 0 ps, the largest oxide fragment is the shell in both systems. Figure 2͑b͒ shows that the number of the atoms in the shell in the CS system increases continuously due to oxidation reactions on the shell surface but it decreases by several orders of magnitude in the AS system, indicating that the shattering of the shell. Continuous oxidation of the shell in the CS system ͓Fig. 2͑c͔͒ protects the Al core it encloses from oxidation, resulting in the slower reaction rate in the CS system. On the other hand, all the fragments in the AS system are small ͓Fig. 2͑d͔͒. Aluminum atoms in these fragments are mostly undercoordinated and prone to further oxidation. This partially accounts for the faster energy release rate of the AS system seen in Fig. 1͑a͒ .
The other factor responsible for the faster energy release rate in the AS system is the increased amount of core Al atoms that jet out into the surrounding oxygen and are able to be directly oxidized by the environmental oxygen, as seen in Fig. 3. Figures 3͑a͒ and 3͑c͒ show the projected view of the CS and AS shells, respectively, at 100 ps with colors indicating the local number density within the shell. Figures 3͑b͒  and 3͑d͒ show the core Al ͑colored yellow͒ jetting out of the CS and AS shells, respectively. In both systems, there are many core Al jetting out, causing direct, and thus faster, oxidation reactions. But spatial symmetries of the crystalline structure result in symmetric pores in the CS shell ͓see Fig.   FIG. 2 . ͑Color͒ Different expansion behaviors of the CS and AS systems are illustrated by ͑a͒ the radius of the ANP and ͑b͒ the percentage of atoms within the largest oxide fragment. ͑c͒ and ͑d͒ show snapshots ͑at 70 and 200 ps͒ of the center slice of CS and AS systems, respectively, with atoms color coded by species. The white color represents the Al core atoms; yellow, Al shell atoms; red, shell oxygen; and blue, the environmental oxygen. Environmental oxygen that is not covalently bonded to any Al atom is not shown for clarity of presentation. FIG. 3 . ͑Color͒ ͑a͒ and ͑c͒ are snapshots of shell morphology in the CS and the AS systems, respectively, at 100 ps with colors representing the number density in the shell as shown by the color bar ͑in unit of number of atom per nanometer cube. ͑b͒ and ͑d͒ are snapshots of the shell morphology combined with core aluminum atoms ͑yellow͒ for the two systems. ͑e͒ Percentage of the area of pores to that of the total shell; ͑f͒ semilog plot of the number of Al core atoms jetting into the environment in both systems.
3͑a͔͒. In contrast, the formation of pores occurs randomly in the AS shell ͓Fig. 3͑c͔͒. Opening of pores in the crystalline shell results in less overall area for the core Al to move through. This is seen quantitatively from Figs. 3͑e͒ and 3͑f͒ . Figure 3͑e͒ plots the area percentage of the pores of the shell, whereas Fig. 3͑f͒ plots the number of core Al that jet out. We see that the amorphous shell has a much larger area corresponding to pores. As a result, far more core Al jet out in the AS system, resulting in more direct oxidations in the surrounding oxygen and a faster heat release. This is consistent with the energy release rate curves in Fig. 1 .
To compare the reaction rates of these two systems, we have also investigated the intermediate oxide products using fragment analysis. Both simulations 15, 16 and experiments 14, 17, 18 have observed intermediate aluminum oxide products with a variety of aluminum-oxygen ratios. In particular, it is found that AlO and AlO 2 are the two primary intermediates that give rise to the final product Al 2 O 3 . In our simulations, oxide fragments are identified by the atoms that are covalently bonded. At 200 ps, the majority of fragments in both systems are found to be small, having less than six atoms. The only fragment having more than 500 atoms in the CS system is the shell, consisting of 3 544 013 atoms. In the AS system, there are only 83 fragments having more than 1000 atoms, the largest having 22 631 atoms. Statistics of number of various fragments are listed in Table I , which shows that the AS system has much more number of oxygen rich fragments as compared to that of the CS system. Figure  4 shows the production of AlO, AlO 2 , and Al 2 O fragments in the two systems in the reaction process, with ͑a͒ showing the number of each type of fragment and ͑b͒ what percentage of all fragments is made of each type. We found that, in both systems, the number of Al 2 O fragments decreases after an initial increase, and the AlO and AlO 2 fragments become more numerous. However, the number of fragments of each type in the AS system far exceeds those in the CS system ͓Fig. 4͑a͔͒. Figure 4͑b͒ shows that the majority of the fragments in both systems change from Al-rich to oxygen-rich in less than 50 ps. Although both systems follow this trend, the transition occurs much faster in the AS system, indicating a faster reaction rate.
In summary, we have found that an ANP covered with amorphous oxide-shell has much higher reactivity than that with crystalline shell. The crystalline shell expands and then shrinks, resulting in pore opening and the ejection of core Al atoms into the surrounding oxygen where fast oxidation occurs. However, in the crystalline system, there is a considerable amount of core aluminum that remains covered by the shell. In contrast, an ANP with amorphous shell continuously expands and shatters, resulting in only small oxide fragments and Al clusters which are prone to rapid oxidation. The shattering of the amorphous shell also results in a larger area of the shell opening into pores, resulting in a much faster and widespread oxidation of the core Al atoms that jet out.
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